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[57) ABSTRACT

A digital to analog converter circuit for use at RF fre-
quencies inciudes an input transimpedance buffer re-
ceiving an RF input. A complimentary switched R2R
ladder network is coupled to the input buffer at one end
and to an output transimpedance circuit at its other end.
The output transimpedance circuit has an extremely

low impedance and provides an RF output. The

switched ladder network is formed of transistors and
includes a complimentary switch to maintain current
and voltage regardless of the transistor states. A bi-
phase D/A converter uses a mirrored complimentary
switched R2R ladder network coupled between a phase
spiitter and the output transimpedance circuit.

14 Claims, 3 Drawing Sheets

2R
2R
R » R
| ) RF/ANALOG
> o
2R v




U.S. Patent  July 28, 1992 Sheet 1 of 3 5,134,400

PRIOR ART

30) .93

—— — ot v ot o o e e v

~37 37

l:bIEE o Bﬁl

II 56“”36;9 .
r . &




5,134,400

Sheét 20of 3

July 28, 1992

- U.S. Patent

€

aa

aNo - €9l
L IS
gov [ -— 83 .08l . LndNI
. 433dIAIQ 4y
¥3MO0d
GNS -_ ug I_ 19



5,134,400

Sheet 3 of 3

July 28, 1992

U.S. Patent

1N0
90TVYNV/3Y"

e

v Ola

dé> ¢

2

oO8|

o0

LNdNI
O0TVNV/JdN



5,134,400

1
MICROWAVE MULTIPLYING D/A CONVERTER

BACKGROUND AND SUMMARY OF THE
' INVENTION

This invention relates to microwave circuits and,
more particularly, to a circuit allowing highly-accurate
digital control of signal levels for various system appli-
‘cations.

Digital to analog (D/A) converters are well known
for low-frequency applications. Prior art FIG. 1 illus-
trates a typical D/A low-frequency converter 10 in-
cluding input buffer 12 and output buffer 20. These
buffers 13, 20 can be, for example, operational amplifi-
ers (op amps). A switched resistor ladder network,
indicated by dashed lines 15, is coupled between the
input buffer 12 and the output buffer 20. The input
buffer 12 provides the required input/output imped-
ances and buffering for the switched resistor ladder
network 15. The ladder network 15 establishes the digi-
tally-weighted voltages for the D/A converter 10.
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The switched resistor ladder network 15 is formed of

a series coupling of resistors 14 coupled at one end to
the output of op amp 12. At the other end, the series
coupling of resistors 14 are coupled through a further
resistor 17 to ground. The resistors 14 have a resistive
value of “R"™ and the resistor 17 has a value of “2R".
Forming the ladder steps between each of the series

25

coupled resistors 14 is a series circuit of a resistor 16

having a resistive value of “2R" and a switch 18. These
‘steps are coupled at their resistive side between the
resistors 14 and at the switch side to an input of the
output op amp 20. The number of ladder steps “n” or
the converter “resolution” is equal to the number of bits
(b1-b,) in the digital contro! word.

In operation of the circuit of prior art FIG. 1, the

30

~mput buffer 1 provides high-output impedance and

isolation from the voltage source (not shown). The
output bufler 20 provides a virtual ground (GND) at
the voltage summing node for eliminating impedance
dependent summation. The bits b)-b, are selected by

40

closing their respective switches 18. Those bits which

are not selected are grounded to maintain the internal
~ impedances of the circuit constant. This type of typical
D/A converter using an “*R2R" ladder network has a
hmited frequency range resulting from the parasitic
nature of the buffers 12 and 20 and switch devices 18.

45

Because the frequency limit is restricted to operation in

the low hundreds of MHz, high-frequency microwave
applications are not possible. |

Due to the unavailability of a microwave D/A con-
verter, current methods involve using a DC D/A con-
verter followed by buffers and linearizing circuitry
which drives a voltage controlled attenuator. In these
circuits, the attenuation is proportional to the DC con-
trol voltage. Typically however, the proportionality is
non-linear. Therefore, lookup tables are provided to
store the data for the attenuator versus control voltage.
These lookup tables were formed of programmable
read-only memories (PROMS) or in other software
solutions to aid in the linearization. However, this cir-
cuitry is often too slow or requires a very hardware
intensive circuit. This consequently increases the cost
and labor involved in developing prcc:sc control of
microwave signals.

There is therefore needed a circuit for allowing high-
ly-accurate digital control of microwave signal levels
for various system applications. The circuit should re-
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duce the number of components, size, complexity and
power requirements while still providing a low-cost
system having improved performance over the prior
known devices.

The present invention meets these needs by providing
a D/A converter circuit which operates using compo-
nents available for broad-band microwave operation.
The invention provides a digital-to-analog converter
circuit for use at RF frequencies, including an input
transimpedance buffer receiving an RF input, a compli-
mentary switched R2R ladder network coupled to the
input buffer, and an output transimpedance circuit hav-
ing an extremely low input impedance, coupled to the
ladder network and providing an RF output.

It is an advantage of the present invention to provide
a microwave multiplying D/A converter using minimal
components. This eliminates the need for interface com-
ponents, such as lookup tables and buffers, previously
employed for precise microwave signal control.

It 1s a further advantage to provide a microwave
frequency operating D/A converter offering extreme
broadband performance on the order of 12 GHz.

Other objects, advantages and novel features of the
present invention will become apparent from the fol-
lowing detailed description of the invention when con-
sidered 1n conjunction with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

Prior art FIG. 1 illustrates a typical D/A converter
Circuit;

FIG. 2 1s a schematic diagram of a circuit according
to the present invention; |

FIG. 3 is a schematic diagram of a bi-phase D/A
converter according to the present invention; and

F1G. 4 1s a schematic diagram of another embodiment
according to the present invention.

DETAILED DESCRIPTION OF THE
- DRAWINGS

Referring to FI1G. 2, there is shown a multiplying
D/A converter circuit 30 for operation at microwave
frequencies. An RF input is provided to an input tran-
simpedance or transconductance buffer 32. The tran-
simpedance buffer is used because operational amplifi-
ers or differential amplifiers do not operate properly in
the microwave frequency range. The output from the
transimpedance buffer 32 is then provided to a ladder
network indicated by dashed lines 33. The ladder net-
work 33 includes a number of series-coupled transistors
36 which are coupled at one end to the output of tran-
simpedance buffer 32. Because of the microwave signal
leakage from the transistors 36, their size is reduced to
a point such that their internal resistance may be used as
the resistive value “R” of the R2R ladder network 33 in
terms of the typical prior art circuit shown in FIG. 1.
Similarly, two identical series coupled transistors 41,
forming a resistive value “2R”, are coupled between the
other end of the series coupling of transistors 36 and
ground to terminate the ladder network.

A first set of steps of the ladder network 33 are

formed of two of the same type of transistors 38 and 39

- coupled In series to achieve a resistance value of 2R.

65

Using transistors of the same type as the series coupled
transistors 36 maintains a tight two to one ratio toler-
ance, 1.e. 2R to R, required for operational accuracy.
These ladder steps are coupled at one end between the
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transistors 36 forming the series coupling. At their other
end, the transistors 38 and 39 are coupled to an output
transimpedance circuit including a transistor 44. The
transtmpedance buffer provides the necessary isolation
and low-impedance summing node. A second set of
ladder steps are formed of series couplings of two tran-
sistors 34 and 37. Again, one end of the steps formed by
transistors 34 and 37 ar coupled between the transistors
36. The other end of the steps are coupled to ground.
The bits bj-b, of the digital control word are selected
by properly biasing the ladder steps of the series-cou-
pled transistors 38 and 39. When the steps ar not biased
to conduct the output of the transimpedance buffer 32,
the signal is grounded through transistors 34 and 37 to
maintain the internal impedances of the circuit constant.
The complimentary sets of dual transistor switches
form a split ladder which operates in a voltage mode.
The transistor switches 34, 37, 38 and 39 can be MES-
FET or HEMT devices designed to operate in band-
widths ranging from the DC to the lower EHF region.
Similarly, transistors 36 and 41 can also be MESFET or
HEMT devices. The use of the complimentary switches
formed by transistors 38 and 39 and 34 and 37, respec-

tively, maintains the current and voltage regardless of

the transistor states. The series coupling of transistors
36 are always biased “‘on.”
The output from the dual transistor switches 38 and

39 1s provided to the transistor 44 of the output tran-

simpedance circuit and an inductance 40. The induc-
tance 40 can be a surface-mount component. such as a
spiral inductor, providing a DC ground for transistor 44
and further reducing the summing node impedance.
The transistor 44 is biased by a voltage Vp applied
through a resistor 42. The gate of the transistor 44 cou-
ples through capacitor 46 to ground. It is understood
that capacitor 46 is only used for providing a DC block
for gate bias, however, the capacitor is not necessary
for proper operation. The capacitor 46 and resistor 42
can be thin film devices. Output from the transistor 44 is
the RF output signal.

Referring to FIG. 3, there is shown a bi-phase multi-
plying D/A converter circuit operable at microwave
frequencies. The RF input is shown supplied to a phase
sphitter 51 which generates both in-phase 62 and out-
phase 64 signals, 1.e. 0° and 180° signals. These anti-
phase, equal amplitude signals pass through buffers 50
to drive mirror imaged resistive ladder networks 33
identical to the ladder network 33 shown in FIG. 2.
Through the use of the bi-phase ladder networks, high-
frequency microwave signal leakage to the summing
node 1s canceled. Again, an output transimpedance
circuit including transistor 44, inductor 40, resistor 42
and capacitor 46 1s formed at the output of the ladder
network 33.

In operation, when moderate device leakage levels in
the range of —30 to —40 dB are required and no 180°
phase shift capability is necessary, then the D/A con-
verter of FIG. 2 provides precise digital control of
signal levels while being more compact and less costly
due to the minimum amount of components necessary.
Alternately, if a lower device leakage level in the range
of, for example, —70 to —80 dB is required and/or a
180° phase shift capability is necessary, then the bi-
phase D/A converter shown in FIG. 3 provides opti-
mum performance by canceling high-frequency leakage
which results at the summing node.

Both circuits offer extremely broadband performance
which may be, for example, greater than 12 GHz. Fur-
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4

ther, the circuits may be realized as monolithic micro-
wave integrated circuits (MMIC).

The balanced R2R ladder network of FIG. 3 can also
be formed of simple resistors (FIG. 1) to obtain a D/A
converter operable for any frequency range as shown in

FIG. 4. In order to do so, the phase splitter and output
transimpedance circuit would be replaced with differ-

ential amplfiers. Again, as with FIG. 3, a common
output path would couple the mirrored R2R ladder
network to the output differential amplifier.

Although the invention has been described and illus-
trated in detail, it is to be clearly understood that the
same 1s by way of illustration and example, and is not to
be taken by way of limitation. The spirit and scope of
the present invention are to be limited only by the terms
of the appended claims.

What is claimed:

1. A digital to analog converter circuit for use at RF
frequencies, comprising:

an input transimpedance buffer receiving an RF in-
put;

a complimentary switched R2R ladder network cou-
pled to said input buffer; and |

an output transimpedance circuit having an ex-
tremely low impedance coupled to said ladder
network and providing an RF output.

2. A digital to analog converter circuit according to
claim 1, wherein said output transimpedance circuit
comprises:

an output transistor having a source coupled to said
complimentary switched R2R ladder network:

a biasing circuit coupled in series between a gate of
said output transistor and ground;

an inductance coupling at one end to said complimen-
tary switched R2R ladder network and to said
source of said transistor and at another end to
ground; and |

a biasing path coupling a voltage source to a drain of
said transistor, said transistor drain providing the
RF output.

3. A digital to analog converter circuit according to
claim 2, wherein said output transistor is an FET tran-
SiStor.

4. A digital to analog converter circuit according to
claim 2, wherein said complimentary switched R2R
ladder network comprises a plurality of identical tran-
sistors operatively coupled to form said complimentary
switched R2R ladder network.

5. A digital to analog converter circuit according to
claim 4, wherein a series coupling of said plurality of
transistors form the R portions of said R2R ladder net-
work and are biased in a continuous on state.

6. A bi-phase multiplying digital to analog converter
circuit for RF frequencies, comprising:

an input phase splitter receiving an RF input and
providing in-phase and out-phase signals;

a first complimentary switched R2R ladder network
coupled to said in-phase signal and having a com-
mon output path;

a second complimentary switched R2R ladder net-
work mirroring said first complimentary switched
R2R ladder network coupled to said out-phase
signal, and sharing said common output path; and

an output transimpedance circuit having an ex-
tremely low impedance coupled to said common
output path and providing an RF output.
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7. A bi-phase multiplying digital to analog converter
circuit according to claim 6, wherein said output tran-
simpedance circuit comprises:

an output transistor having a source coupled to said
common output path; 3

a biasing circuit coupled in series between a gate of
said output transistor and ground;

an inductance coupling at one end to said common

output path and to said source of said transistor and
at another end to ground; and |

a biasing path coupling a voltage source to a drain of
said transistor, sald transistor dram providing the
RF output. |

8. A bi-phase multiplying digital to analog converter
circuit according to claim 6, wherein said output tran-
sistor is an FET transistor.

9. A bi-phase multiplying digital to analog converter
circuit according to claim 7, wherein said first and sec-
ond complimentary switched R2R ladder networks
comprise a plurality of identical transistors operatively
coupled to form said first and second complimentary
R2R ladder network.

10. A bi-phase multiplying digital to analog converter
circuit according to claim 9, wherein a series coupling
of said plurality of transistors form the R portion of said
first and second complimentary switched R2R ladder
networks and are biased in a continuous state.

11. A digital to analog converter circuit, comprising:

an input differential amplifier receiving an input sig-
nal and providing an output signal;

‘a first complimentary bi-phase R2R ladder network
coupled to said output signal and having a common
output path:;

a second complimentary bi-phase R2R ladder net-
work mirroring said first complimentary bi-phase
R2R ladder network coupled to said output signal,
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and sharing said common output path to provide a
balanced R2R ladder circuit; and

an output differential amplifier having an extremely
low impedance coupled to said common output
path and providing a converter circuit output,
whereby said digital to analog converter circuit
provides leakage cancellation. -

12. A digital to analog converter circuit according to

claim 11, wherein said first and second complimentary
bi-phase R2R ladder networks are formed of resistors.

13. A method for converting digital to analog signals

for microwave frequencies, the method comprising the
steps of:

a) receiving an RF input signal in an input tran-
simpedance buffer;

b) providing a digital control sigpal as an input to a
complimentary switched R2R ladder network cou-
pled to said input buffer; and

c) operating an output transimpedance circuit at an

extremely low impedance, coupled to sad
switched ladder network, to provide a analog RF
output.

14. A method for bi-phase conversion of digital to
analog signals for microwave frequencies, the method
comprising the steps of:

a) splitting an RF input signal into an in-phase and

out-phase signal;

b) providing a digital control signal as an input to a
mirrored set of complimentary switched R2R lad-
der networks, a first of said mirrored set being
coupled to said in-phase signal and a second of said
mirrored set coupled to said out-phase signal, said
mirrored set of complimentary R2R ladder net-
works having a common output path; and

c) operating an output transimpedance circuit at an
extremely low impedance, coupled to said common

output path, to provide an analog RF output.
| % % » x *
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